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World Resources Institute Database http://earthtrends.wri.org
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Annual Commercial Energy Consumption 
per Capita (MJ / person / yr)
Poverty
Energy Demand 2030
675 QBtu / Year






















465 QBtu / Year 
81% Fossil Energy
28,100 mmt CO2 42,300 mmt CO2 (51%)
CO2 Management Options
• Increase efficiency of energy use
• Increase conservation





• Sequester carbon & utilization
– Enhance natural                      
carbon sinks
– Capture and store                         


























































EIA Annual Energy Outlook 2002; EPA special studies;
DOE/FE/NETL Sequestration Benefits Model


















Capture and storage of CO 2 and other greenhouse gases 








The current capture technology
• Amine solvent scrubbing: familiar; widely used and studied.
• Essential energy inputs: sensible, vaporization, ch emical 
reaction:  Q = Q sens + Qvap + Qreact
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 Sensible : reduce the crossover 
temperature difference, 
increase loading.













solvent  CO2 and water vapor 
pressure
 Reaction: different 
chemistry…but can be linked to 
vaporization – oops!
 System options: pressurized 
regeneration schemes, etc.
Qsens Q
Oexmann, J. Kather, A. (2010). Minimising the 
Regeneration Heat Duty of Post-Combustion Capture by 
Wet Chemical Absorption: The Misguided Focus 
on Low Heat of Absorption. International 
Journal of Greenhouse Gas Control 4 (2010) 36–43
Reducing the energy penalty
Eliminate/reduce the vaporization and sensible heat
• Aqueous solvents:
– Adding heat reverses 
the capture reaction.









– Potentially lower 
sensible energy to 
heat and cool.










– Requires high CO2
loading.
– Requires handling 
solids with thermal 




Basic energy requirements for dry sorbents
• Heat balance on the sorbent, 
process.
• Need to manage 
absorbed/desorbed water!
• Bottom line: working loading 
range ~2 gmol CO 2/kg (8.8wt 
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loading (gmol CO2/kg sorbent)
60.6 load
Status of dry sorbents
• Sorbents have been developed by multiple organizati ons
• Common tests completed in NETL contract with ADA, I nc.
• Sorbents that meet 1 st level performance metrics identified.
• Stable lab performance 8 wt% – 250 cycles, 10 ppm SO 2
12
Example of sorbents
• Two different formulations 
studied at NETL:
– Clay substrate, amine 
impregnated.
– Silica (catalyst support).
• Both manufactured with 
commercial processes/partner .
PEI on CARiACT Q10 
(100 to 350 µm dia.)
13




Schematic  and actual  pilot unit 
with ADA.
Lab-scale sorbent testing
Process and Component Development
In progress right now!
• NETL  experimental 
system.
– Lab size/scale allows rapid 
screening of component 
options.
– circulating absorber & 
regenerator
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– validates thermal, 
hydrodynamic, transport, 
and kinetic performance
• Validating data: 
enabling rapid numeric 
scale-up.
Predicted absorber gas fraction *
* Prediction from a different design than shown schematically
Summary of Sorbent Potential & Progress
• Sorbent advantages are possible:
– Sufficient capacity (loading) demonstrated.
– Reactor designs, simulation proceeding!
• Other chemistries may be useful:  
– Pursue even lower reaction heat.
– Greater impurity tolerance, oxidative resistance.
• What about non -aqueous solvents?
Investigation of solid 
supported amino 
acid for CO 2 capture:
15
Arginine crystal and 
PSS/Arginine
complexes of same 
mass. Baseline Inert:Sorbent
4:1
Reactor design concepts/tradeoffs studied at NETL
Non-aqueous solvents
Oxy-fuel Combustion
(Next generation – or this generation?)
• Oxygen + flue gas recycle = easy CO 2 capture.
• Innovative oxygen production/integration helps!
• Validated simulation tools: 
– Enabling rapid & multiple retrofit and greenfield.














Selection of radiation model depends on speed/accuracy needed.
Measurement of oxy-fuel flame 
radiation properties.
Chemical Looping
• Shares advantages of oxy-fuel
– Product is just CO2 and H2O
• No separate oxygen production is needed
• Significant interest/development worldwide
CANMET Energy Technology 






Pilot-scale calcium looping rig 
(30 kW) at INCAR_CSIC, 
Oviedo, Spain*
120 kW Chemical Looping test 







Carbon + metal oxide = CO 2 + metal
Metal + air (oxygen) = metal oxide •Photos used with permission  from the IEA web-sitefor the chemical looping network
NETL on-site Research on Chemical Looping
• Evaluating carrier behavior & options
– Physics of solid-fuel & MeO reaction.
– Evaluation of metal “commodity” 
carriers from waste or natural 
sources.
• Leverages NETL capability in multi-
phase flow:










• Investigating ash, coal, carrier 
separation and handling.
• Validate model predictions.
– Hot Flow Facility
• Address reaction performance
• Detailed design in progress.
– Reactor simulations.
• Accelerate understanding & scale-up
Comparison of CFD and Cold Flow Rig
Oxygen 
carrier Lighter ash 











Comparison of CFD and Cold Flow Rig
20
How can we accelerate technology 
development for carbon capture and 
storage?
Key differences in the design process used to create these two machines:  
better  science, more engineers…..and also large-scale simulations
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Actual Trend of FGD Capital Cost
1 9 7 5
1 9 7 6
1 9 8 0
1 9 8 2
1 9 9 0



















CAN  WE SKIP THIS WITH ADVANCED 
R&D PLANNING USING 
22
1 9 6 8
1 9 7 2
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C u m u lati ve  W or ld W e t FG D  In s tal l e d 
















( 1 0 0 0  M W , e f f  = 8 0 - 9 0 % )
( 2 0 0  M W , e f f  = 8 7 % )
SIMULATIONS?
Rubin et al, “Use of Experience Curves to Estimate the Future Cost of Power Plants with CO2 Capture” International 




Climbing the “technology readiness” ladder
Faster with Simulations – a NETL Initiative
The Simulation Initiative:  
• Enables rapid and reliable adaptation of 
most promising concepts.
• Reduces the number and size of 
experimental projects.
• Accelerates learning from successive 
generations of technologies to speed up 
the “learning curve”.
Pilot scale test 
(needed?)


























































Storing CO 2 in underground rock formations
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• Power plants typically emit on the order of 
106 – 107 tons CO 2/year and, hence,
~107 –109 tons total
• 108 tons of CO 2 is roughly…
– 10–1 km3 (~1 km3 reservoir at 10% porosity)
– 109 barrels
– 100 TCF




comparable to power plant emissions
– CO2 enhanced oil recovery
– CO2 sequestration
– Acid-gas injection
• Many natural analog sites are sized 
comparable to power-plant emissions
• IPCC (2005) estimated global CCS potential
– ~109 tons/year by 2020




– New Plants (PC)
– IGCC
•Cost of CCS 
•Regulatory Framework
– Permitting
– Treatment of CO2
•Infrastructure
•Human Capital
Technical Issues Legal/Social Issues
Key Challenges to Carbon Capture and Storage
Focus Infrastructure to Address Both Types of Issues
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•Storage  Capacity 
•Permanence 
•Best Practices































Lessons     
Learned     






Canada                               
(Weyburn, Zama, Ft. Nelson)
Norway                                      
(Sleipner and Snovhit)
Germany (CO2Sink)
U.S. DEPARTMENT OF ENERGY  • OFFICE OF FOSSIL ENERGY
NATIONAL ENERGY TECHNOLOGY LABORATORY 





Lessons     




• Reduced cost of CCS
• Tool development for risk 
assessment and mitigation
• Accuracy/monitoring quantified
• CO2 capacity validation
• Indirect CO2 storage
• Human capital
• Stakeholder networking
• Regulatory policy development
• Visualization knowledge center
• Best practices development
• Public outreach and education
• Knowledge building
• Project development
• Collaborative international 
knowledge
• Capacity/model validation
• CCS commercial deployment







Regional Carbon Sequestration Partnerships
Developing the Infrastructure for Wide Scale Deploy ment
Seven Regional Partnerships
350 + distinct organizations, 43 states, 4 Canadian Provinces
Characterization Phase (2003-2005)
Search of potential storage 
locations and CO2 sources







• Engage regional, state, and local governments
• Determine regional sequestration benefits
• Baseline region for sources and sinks 
• Establish monitoring and verification protocols
• Address regulatory, environmental, and outreach issues
• Validate sequestration technology and infrastructure
Development Phase (2008-2017+)
9 large scale 








21 injection tests in saline formations, depleted oil, 
unmineable coal seams, and basalt
U.S. Emissions ~ 6 GT CO2/yr all sources




North American CO2 Storage Potential
(Giga Tons)
Sink Type Low High
Saline Formations 3300 13000
Unmineable Coal Seams 160 180
Oil and Gas Fields 140 140










NRAP:  National Risk Assessment Partnership
Potential Receptors or 
Impacted Media
• Storage site described by subsystems
• Subsystem behavior can be treated in detail
• Uncertainty/heterogeneity handled by 
stochastic descriptions of subsystems
NRAP is developing a science-based methodology to q uantify risk profiles at storage 




Lawrence Berkeley National Lab
Lawrence Livermore National Lab
Los Alamos National Lab
National Energy Technology Lab (lead)
Pacific Northwest National Lab
A successful storage project will require predictin g
the site’s performance beyond the injection phase.
Schematic description of risk assuming probability of CO2











NRAP research efforts are coordinated 
across several interdependent topical areas.
Systems Modeling for Risk Assessment
– quantification of site-specific risk profiles
– identification of key uncertainty drivers to direct research
goal: validated, science-based methodology for risk profiles
Ensuring protection of groundwater
– comprehensive assessment of potential impacts (CO2/O2/…)
– identification of early signals for strategic monitoring









Wellbore integrity & natural-seal integrity
– open/close conditions of pathways; effective permeability
– methods to identify potential pathways
goal: quantitative estimate of potential release
Strategic monitoring
– optimization tied to risk assessment
– dynamic integration of monitoring and prediction
– quantification of reservoir stress





• Combining CO 2 sequestration with co-gasification
• Coal energy used to “reform” renewable carbon








n=4 for natural gas
H2O
This idea has been described by the Princeton Envir onmental Institute,  Energy Group 
http://web.princeton.edu/sites/pei Williams, R. H.,  Larson, E., Jin, H.(2006).  Synth etic fuels in a world 
with high oil and carbon prices, 8th International Conference on Greenhouse Gas Control 












Life-Cycle GHG Emissions for

















The image cannot be displayed. Your computer may not have enough memory to open the image, or the image  
may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may  
have to delete the image and then insert it again.




848 tc/d 158 tc/d 0 tc/d79 tc/d265 tc/d 6 tc/d
Naptha
34
9,425 BPD Synthetic Diesel































Diesel Fuel Life Cycle GHG Contributions










Can we mix coal + biomass 
(a.k.a “co-gasification”) ?
Affordable, Low-Carbon Diesel Fuel from Domestic Coal and Biomass,   Available at  www.netl.doe.gov,  DOE/NETL-2009/1349
Coal Gasification Plants in the United States
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Milbrandt 2005, NETL 2005, NETL 2010, Oritiz et al 2008, and Ventyx 2010
Summary
• Significant research progress and 







• Simulation and modeling tools: a key enabler 
for rapid development.
– Captures knowledge, enables what if?
• Sequestration program addressing key 
issues:
– Storage capacity, integrity, risk
– Legal, regulatory, and public acceptance
• Coal + Biomass + CCS 




•Could reduce/eliminate water vaporization heat in thermal swing systems.
•Different solvents are possible; discuss just ionic liquids: 
• Negligible vapor pressure
• Thermally stable above 200 oC
• High CO2 solubility relative to CH4, N2, and H2








Ideal for humid syngas membrane…..
………………water  exclusion can be addressed..
Supported Ionic 















(many cations) x (many anions) 
=






all of the 
candidates?


































































































from Monte Carlo from Molecular Dynamics
Henry’s law constant, mixed gas selectivity, transport coefficients;
Permeability, permeability selectivity;
Other process related properties such as heat of mixing, heat capacity;
Interaction mechanism: physical, chemical, intermolecular complex. 
Search for better ILs
Modify IL functionality
Discover new IL
A new ionic liquid has been identified from molecular simulations which exhibits high CO2
permeability and high CO2/H2 selectivity.  The initial experimental data from NETL (David Luebke
Group) verified this prediction. 















• Used as a validation case for numeric simulation.
• Petcoke and Metal Oxide are well mixed
• Only small quantities of H 2 leak through bubbles
Leion, H., T. Mattisson and A. Lyngfelt, 
“Solid fuels in chemical-looping combustion,” 
Inter. J. Greenhouse Gas Control 2, 180–193, 
2008.
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• Fuel Consumption:  50/50 wt% H2O/N2
• Carrier Oxidation: 10/90 wt% O2/N2
600 mL/min 
~0.55 m/s
d = 10mm
d = 30mm
20mm
250mm
